The green fluorescent protein (GFP) from Aequorea victoria is a versatile reporter protein for monitoring gene expression and protein localization in a variety of cells and organisms. Despite many early successes using this reporter, wild type GFP is sub-optimal for most applications due to low fluorescence intensity when excited by blue light (488 nm), a significant lag in the development of fluorescence after protein synthesis, complex photoisomerization of the GFP chromophore and poor expression in many higher eukaryotes. To improve upon these qualities, we have combined a mutant of GFP with a significantly larger extinction coefficient for excitation at 488 nm with a re-engineered GFP gene sequence containing codons preferentially found in highly expressed human proteins. The combination of improved fluorescence intensity and higher expression levels yield an enhanced GFP which provides greater sensitivity in most systems.
The green fluorescent protein (GFP) from the jellyfish Aequorea victoria has emerged as an important reporter molecule for monitoring gene expression and protein localization in vivo and in real time (1) (2) (3) (4) (5) . Unlike other bioluminescent reporters, the chromophore in GFP is intrinsic to the primary structure of the protein, and GFP fluorescence does not require substrates or other co-factors (1) . GFP emits green light (λ max = 510 nm) when excited with ultraviolet (UV) or blue light (λ max = 395 nm, minor peak at 470 nm). Full-length GFP appears to be required for fluorescence, however the chromophore responsible for light absorption is located within a hexapeptide at positions 64-69 (6) . This region of GFP contains a Ser65-dehydroTyr66-Gly67 cyclic tripeptide which serves as the minimal fluorophore. GFP fluorescence is stable, species-independent, and can be monitored non-invasively in living cells by either fluorescence microscopy, flow cytometry or macroscopic imaging techniques (3) (4) (5) 7, 8) . Moreover, a variety of N-and C-terminal protein fusions with GFP have been constructed and shown to maintain both the fluorescence properties of native GFP and the biological function of the fusion partner (5, (9) (10) (11) . Wild type GFP has several undesirable properties including low fluorescent intensity when excited by blue light at the minor 470 nm peak, a significant lag in the development of fluorescence after protein synthesis, complex photoisomerization and poor expression in certain mammalian and plant species (4, 12, 13) . To improve upon these qualities, we have combined a mutant of GFP that fluoresces 35 times stronger than wild type GFP (14) with a re-engineered GFP gene sequence containing codons preferentially found in highly expressed human proteins (12, 13) . These changes in the GFP coding sequence provide an enhanced GFP that greatly increases the sensitivity of this reporter protein.
The vector pS65T-C1 (Clontech Laboratories, Inc., Palo Alto, CA) encodes a GFP-S65T variant with a single Ser65→Thr amino acid substitution within the chromophore region of the protein (12, 13, 15) . This variant has been previously shown to fluoresce ∼6-fold brighter than wild type recombinant GFP when excited by blue light, and also forms a functional chromophore more rapidly (15) . The vectors pGFPmutl-C1 and pEGFP-C1 (Clontech) each encode the GFPmutl variant described by Cormack et al. (14) which in addition to the Ser65→Thr mutation, contains a second mutation Phe64→Leu. GFPmut1 exhibits ∼35-fold brighter fluorescence relative to wild type GFP when excited at 488 nm in studies using equalized amounts of protein (14) . This increase in fluorescence intensity is due to an ∼35-fold increase in the extinction coefficient for GFPmut1 which has been measured at 250 000 cm -1 M -1 at 488 nm (D. W. Piston, personal communication) relative to a value of 7000 cm -1 M -1 for wild type GFP (15) . The fluorescence quantum yield for GFPmut1 is similar to that of wild type GFP at ∼70% (D. W. Piston, personal communication). GFPmut1 also displays improved solubility, and more efficient protein folding in bacteria. Both the GFP-S65T and GFPmut1 variants have a single peak of excitation at 490 nm, making these variants more suitable than wild type GFP for detection using fluorescein filters and argon ion lasers commonly used in flow cytometry. EGFP is distinguished from the other GFP variants in that the coding sequence of the EGFP gene contains more than 190 silent base mutations which create an open-reading frame composed entirely of preferred human codons (12, 13) . These changes allow mammalian and plant cells to more efficiently translate the EGFP mRNA, therefore increasing the expression of EGFP. Lastly, each of the vectors contain the Kozak consensus sequence to increase translation efficiency in eukaryotic cells (16) , a neomycin/kanamycin-resistance cassette, and the immediate early promoter of cytomegalovirus (CMV), for constitutive expression in mammalian cells. The relative fluorescence intensities of the different GFP variants were examined in transiently transfected mammalian cells by flow cytometry as described previously (7). SV40 T antigen-transformed 293 human embryonic kidney (293T) cells were cultured with DMEM medium containing 10% fetal calf serum. For transfections, cells were plated at a density of 1.5 × 10 6 /well in a 12-well plate. Cells were incubated with a precipitating mixture of CaPO 4 (17) and saturating amounts of each plasmid for 8 h before being replenished with fresh medium. Cells were harvested in trypsin/EDTA and 0.5% BSA for analysis by fluorescence-activated cell sorting (FACS) 16 h post-transfection. Propidium iodide (0.5 µg/ml) was added to the cell suspension to exclude dead or dying cells. FACS was performed using a FACScan cytometer (Becton-Dickinson, San Jose, CA) equipped with an argon ion laser tuned at 488 nm. Green fluorescence was recorded in the FL1 emission channel (normally used to detect fluorescein or its derivatives).
The results of the FACS studies shown in Figure 1 illustrate that each GFP variant yields a defined peak of green fluorescence in transiently transfected 293T cells which is easily detected by flow cytometry. It has been previously shown in similar assays that the GFP-S65T variant expressed in mammalian cells yields up to 18-fold brighter fluorescence relative to wild type GFP when excited at 488 nm (7) . Comparison of the mean fluorescence intensities of transfected cells indicates that the GFPmut1 and EGPP variants yield ∼4-fold, and 17-fold brighter fluorescence relative to the GFP-S65T variant, respectively. Similar results were obtained with BHK-21 and CHOK1 cells, although a smaller percentage of these cells were transfected leading to a lower level of absolute fluorescence (data not shown). Therefore, each of these GFPmut1 variants provide considerably greater sensitivity in applications using FACS or fluorescence microscopy (also refer to Fig. 2) .
As both the pGFPmutl-C1 and pEGFP-C1 vectors express the same GFPmut1 protein, transfections with this pair of vectors provides a quantitative estimate of the improved expression in mammalian cells provided by the preferred human codons in the EGFP gene. The mean fluorescence intensity obtained from cells transfected with the EGFP codon-optimized variant was ∼4-fold greater than GFPmut1 (containing jellyfish codons). Therefore, the 17-fold improvement in fluorescence observed with EGFP relative to GFP-S65T is due the combined effects of optimal codon usage, and the GFPmut1 amino acid changes. It is likely the improved fluorescence intensity provided by EGFP will be applicable to a variety of model systems, as preferred codon usage is essentially identical between humans, other higher vertebrates, and many plant species (12, 13) . The improved sensitivity provided by EGFP should further broaden the utility of this genetic reporter, allowing detection of EGFP and EGFP-fusion proteins in evolutionarily distant species.
